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Abstract 
Modern cold rolling mills include devices that form a reserve of strip to ensure the continuous operation of the line. Such 
devices include a horizontal looper containing a direct current drive. The disadvantage of the existing horizontal looper is 
significant oscillations of the metal strip in the process of its filling, with the maximum amplitude of oscillations occurring 
when the strip is completely filled. To study the oscillatory processes in the strip, a model of an electromechanical system 
has been developed. The necessity of taking into account mechanical properties of the steel strip in the development of a 
model of an electromechanical system has been substantiated. Mathematical and simulation models of a horizontal looper 
were developed in two extreme positions. The simulation models have been implemented in the MatLab software package. 
The results of simulation studies showed satisfactory convergence of the experiments with the physical process. 
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1. Introduction
Modern high-speed strip processing lines require additional 
devices that form a reserve of metal to ensure the continuous 
operation of the line [1]. 
Among such lines there is a line of the unit of continuous 
hot-dip galvanizing of the ArcelorMittal Temirtau JSC. 
This line is divided into three zones according to the 
nature of the speed of strip movement: the input, the 
technological and the output ones. The main zone is the 
technological zone in which the coating is placed. The speed 
of the strip in this zone is unchanged throughout the 
galvanizing process. The continuity of the process is ensured 
by the use of special loopers: strip accumulators located at 
the beginning and at the end of the technological zone. The 
input and the output zones are auxiliary. The speed of the 
strip in them varies depending on the course of the 
technological process [2]. 
The looper of the strip that is part of the basic 
mechanisms for continuous strip processing mills and 
“endless” cold rolling mills, although not involved in the 
processing of the strip, nevertheless, is a very crucial 
mechanism in the aggregates on which reliable operation 
their reliability and performance depend. The used loopers 
of horizontal and vertical types ensure the necessary reserve 
of strip between the parts of the process line [3] in the 
tensioned state. This reserve is used to ensure continuity of 
processing the strip in the middle of the unit during the 
technological stops of the head or tail parts, or to ensure 
continuous rolling during the technological stop of the head 
part [4]. 
The input looper of the continuous hot galvanizing unit is 
made in the horizontal version, the output looper in the 
vertical version. 
The dynamics of vertical strip loopers have been studied 
quite well. The strip elastic properties in such loopers are 
manifested to a lesser extent than in horizontal ones [2, 5]. 
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At the same time horizontal loopers have specific 
properties associated with the length of the mechanism that 
imposes its own characteristics on the dynamic 
characteristics of this looper. Horizontal loopers are 
characterized by a relatively small height; few rollers are 
required when the carriage moves several tens of meters; 
constant tensioning the strip is easily ensured. The 
disadvantage of such devices is their large length; the 
complex design of the supporting rollers that must be taken 
aside when passing through the loop carriage; a more 
complicated direction of the strip than in tower devices [3, 
4]. 
The aim of the work is developing a mathematical and 
simulation model of a horizontal looper that takes into 
account changes in the length and the mass of a strip in the 
looper and its elastic properties. 
2. Statement of the problem
The input horizontal looper of the continuous hot 
galvanizing unit is designed to form the necessary strip 
margin when the input section stops for the period of 
welding the ends of the coils [5]. 
The practice of operation and analysis shows that the 
electric drive of the looper carriage has specific features that 
should be considered when designing its automatic control 
system. These features are associated with the variable 
length of the strip in the device itself, as well as with the 
presence of cable connection between the drive drum and 
the carriage. 
In the course of observations it was found that the 
greatest oscillations occur with a short rope and a long strip, 
i.e. with the full looper. Consequently, the strip itself has the
greatest impact on the dynamics of the electromechanical
system of the looper in the process of filling the device.
When analyzing systems with elasticities, it is usually 
assumed that the elastic links are weightless and are 
characterized by constant coupling rigidity, i.e., the 
proportionality coefficient between the moment (force) and 
deformation [6, 7, 8]. In other cases, it is assumed that the 
material has a constant mass, but can change its stiffness due 
to temperature changes [9, 10]. Also, calculating of such 
type systems may have an assumption that the material has 
constant mass and rigidity [11]. But in this case this 
statement does not fit, since the peculiarity of the 
electromechanical system of the horizontal looper is 
changing the length of the strip located in the looper and, 
consequently, its mass and rigidity. These features make 
analyzed system outstanding from known systems with 
elastic couplings of industrial mechanisms. During the 
operation of a horizontal looper the length of the strip varies 
significantly: from 50,400 mm to 3,600,000 mm. Therefore, 
to develop a model of the electromechanical system of a 
horizontal looper, it is necessary to take into account 
mechanical properties of the strip depending on the strip 
length, such as the moment of inertia, rigidity, etc. [12, 13]. 
The loop reserve in the looper can vary from 25–60 % 
to 80–90 %, and sometimes even 100 %. Considering that 
the length of the looper is 89600 mm, and the strip cross 
section varies from 0.4 × 700 mm2 to 2 × 1500 mm2, it can 
be stated that the strip mass varies considerably. The change 
is faster when removing the strip from the looper (0.5 ÷ 1.5 
min) than when it is accumulated (1.5 ÷ 4.5 min). 
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Figure 1. Kinematic diagram of a horizontal loop device 
Figure 1 shows the kinematic diagram of a horizontal 
loop device. The strain, inflexion and centering rolls are 
fixed. Rolls No. 1 and No. 2 are mounted on a movable 
carriage. While carriage moves during the operation, the 
length of the steel strip is reduced to a minimum (empty 
device) or increases to maximum (filled device). 
The strip mass in the looper varies from 48.683 kg (with 
an empty device and the smallest section) to 7709.832 kg 
(with a filled device and the largest section). The coefficient 
of inertia γ varies slightly: from 1.059 to 1.163. 
With the coefficient γ = 1÷1.6 the processes in the 
mechanical system with elastic couplings will be 
significantly oscillatory [14]. 
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To develop a mathematical model of such a complex 
aggregate, it is necessary to have information about the 
mechanical parameters of the strip including elastic 
moments and frequencies of the strip oscillations. However, 
only 3 parameters of the horizontal looper are oscillated in 
the unit: motor current, linear velocity, and the loop reserve 
in the device. Measuring elastic moments in the branches of 
the strip and the distance between the branches is impossible 
due to the absence of necessary sensors. 
Figure 2. Changing the parameters of the horizontal looper 
Figure 2 shows oscillograph trace of current (a), speed 
(b) and band margin (c). In transients of current and speed,
as follows from Figure 2 (a and b), no current and speed
fluctuations were detected. This can be explained by the
small influence of mechanical vibrations on the electric part
of the engine due to the small γ and significant gear ratio (i
= 33.85).
In connection with the above-said, a partial experiment 
was carried out with the unit. A gauge was installed that was 
used to determine the amplitude of the strip oscillations. 
With the help of a stopwatch, the oscillation period was 
determined. 
The distance between the parallel branches of a strip in 
the looper is 0.85 m. Visual observations show that with a 
large strip length (the filled looper) there are vertical 
oscillations of a strip of large amplitude up to the collapse. 
i.e. the maximum amplitude value is limited by the distance
between the parallel branches of a steel strip. The oscillation 
frequency is in the range of 0.3 ÷ 0.5 Hz. 
 Consideration of the dynamics of the automatic control 
system of the electric drive of a real mechanism should be 
preceded by developing a model of the mechanism. On the 
one hand, this model should be sufficiently detailed in order 
the mathematical description based on it could give a 
reliable picture of dynamic processes. On the other hand, it 
should be fairly simple, so that the study of these processes 
on its basis could be implemented. The criterion for the 
admissibility of the accepted simplification should be a 
satisfactory agreement of the theoretical results with the 
results of the experiment [7]. 
3. Developing the model
Usually when considering systems in which the 
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concentrated rotating masses of the engine rotor and the 
mechanism are interconnected through a gearbox and a long 
shaft, the following basic assumptions are made [12]: 
(i)  the forces and moments acting in the system are
applied to concentrated masses that are not subjected to
deformation;
(ii)  the elastic links are weightless and are characterized by
constant bond rigidity, i.e. by the coefficient of
proportionality between the moment (force) and
deformation;
(iii)  the deformation of elastic links is linear and obeys the
Hooke law;
(iv)  the wave motion deformation can be neglected.
In most cases the presence of elasticity leads to the
need of reducing the speed of the system. 
 The electric drive of the horizontal looper is a multi-
mass system that cannot be reduced to a two-mass system 
[8, 15, 16]. When analyzing the electric drive system of a 
horizontal looper, it is necessary to take into account 
changing the rigidity of the strip as a distributed mechanical 
system with decreasing or increasing its length in the drive. 
It is also necessary to take into account changing the mass of 
the steel strip, and, accordingly, its mechanical properties 
and the moment of inertia. At this it is necessary to take into 
account the connection through the rope between the 
carriage of the looper and the motor [17, 18, 19]. 
 At present the dynamics of the operation of horizontal 
loopers, methods for improving the dynamic properties of 
the mechanical part of the looper by means of an electric 
drive have not been studied sufficiently. Among the features 
inherent in the electromechanical system of the looper there 
should be noted its considerable complexity. It is manifested 
in the multi-element and multi-mass structure of the system, 
the presence of non-linear elements [20, 21, 22]. 
Modeling a looper at all points of its operation is quite 
complex, so let us consider two extreme positions: [23, 24] 
(i) when a strip is fully brought into the looper;
(ii) when a strip is completely removed from the looper.
The design diagram will take the form shown in Figure
3. 
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Figure 3. The design diagram of the filled looper 
The system of equations for this case will be as 
follows: 
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Мн, Мп, Мдв are moments of the strain roll, inflexion roll 
motors and the looper carriage;  
Jн, Jр1, Jр2, Jцр, Jп, Jдв are moments of inertia of the strain 
roll, roll No. 1, roll No. 2, centering roll, the looper 
carriage;  
с1, с2, с4, с5 are rigidities of the strip elastic couplings 
between masses in corresponding sections;  
с3 is rigidity of the rope elastic coupling between the 
carriage drum and the looper carriage;  
φн, φр1, φр2, φцр, φп, φдв are rotational movements of the 
strain roll, roll No. 1, roll No. 2, centering roll, inflexion 
roll, the looper carriage;  
φ1, φ2 are gaps;  
wн, wр1, wр2, wцр, wп, wдв are speeds of rotation of the 
strain roll, roll No. 1, roll No. 2, centering roll, inflexion 
roll, the looper carriage;  
М12, М23, М34, М45, М56, М67 are moment of elastic forces; 
b12,  b23, b24, b45 are damping factors. 
The rigidity of chain, rope or other parts subjected to 
tension or compression is defined [25]: 
l
GJ
c p= (2) 
Jp is the polar moment of cross section inertia, cm4; 
G is rigidity modulus of the second kind, kg / cm2. 
The polar moment of inertia of the section for a solid 
rectangular section is defined according to the formula 
[25]: 
12
3BhJ p = (3) 
)1(2 µ+
=
EG , (4) 
E is Young's modulus or rigidity modulus, for steel 
E=2•106 kg / cm2; 
μ - Poisson ratio or transverse deformation coefficient, for 
steel with elastic deformations μ = 0.3. 
5
6
108
)3.01(2
102
⋅≈
+
⋅
=G kg / cm2 
The rigidity of the steel strip depends on its geometric 
dimensions. The width and thickness of the strip during 
the passing of one coil practically does not change, and 
the length of the strip changes significantly while moving 
the loop-forming carriage within the loop device, but it 
changes almost linearly. 
The mass of the strip is defined as: 
ρρ ⋅⋅⋅=⋅= BhlVmпол  (5) 
V is the volume of the strip, cm3; 
l is the strip length, m;
h is the thickness of the strip, m;
B is the width of the strip, m;
ρ is the density of steel, ρ = 7.8 • 10-3 kg / cm3.
According to the Rayleigh principle [26], to take into 
account the kinetic energy of the strip during the 
oscillations of the system, it is enough to add one third of 
the mass of the strip to the mass of the roll. 
For example, the moment of inertia of the roll No.1, kg 
• m2:
( ) 212111 3/3/ ррp RmmmJ ++= (6) 
mp1 is the mass of the roll No. 1, kg; 
m1 is the mass of the strip from the centering roll to roll 
No. 1, kg; 
m2 is the mass of the strip from roller No. 1 to tension 
rolls, kg; 
Rр1 is the radius of the roll No.1, m. 
Coefficient of internal viscous friction of elastic 
elements of mechanical gears of hot rolling mills, 
[25]: 
cb ⋅⋅÷= −410)122(     (7)
Based on the system of equations (1), a structural 
diagram of the horizontal loop device electromechanical 
system is developed and it is shown in Figure 4. The 
diagram is supplemented with a direct current electric 
drive which is made according to a diagram with slave 
regulation. 
EAI Endorsed Transactions on 
Energy Web 
05 2020 - 07 2020 | Volume 7 | Issue 28 | e11
 Ye.V. Kuntush, I.V. Breido and А.М. Zyuzev 
6 
Figure 4. The structural diagram of the filled looper 
 Let’s consider the second case of the work, when the 
strip is completely removed from the looper (Figure 6). 
 In this case, when the strip is completely removed 
from the looper, you can combine the moments of inertia 
of roller No. 1, roller No. 2 and centering roller into one 
total moment of inertia, neglecting the length, mass and 
rigidity of the strip between them. This is due to the fact 
that in this position the length of the strip is insignificant 
compared with the case when the looper is completely 
filled. 
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Figure 5. Design diagram of the empty looper 
 The system of equations for this case will take the 
following form: 
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 The structural diagram of the empty looper is shown 
in Figure 6. 
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Figure 6. Structural diagram of the empty looper 
4. Results of simulation modeling
Modeling the electro-mechanical system of a horizontal 
looper was implemented in the MatLab applied programs 
package [27, 28].  
Figure 7. Results of modeling for a completely filled 
looper 
 About 20 experiments were carried out. At that time, 
different operation time of the system was set: from 5 to 
90 seconds. Simulation experiments were carried out on 
models corresponding to the structural diagram of the 
horizontal loop device electromechanical system shown in 
Figure 4. 
 One of the implementations of the experiments is 
shown in Figure 7. In this case, transients for a fully filled 
loop device with the largest strip section 2 × 1700 mm2 
are shown. Figure 7 shows the response to the control 
action on the engine. The graphs show the speed of the 
motor (a), the current of the motor (b) and the elastic 
moment (c) between roll No. 2 and the centering roll. 
 The faithfullness of the simulation model was 
confirmed by comparison of experimentally obtained data 
[6]. Transients of current, speed are corresponding to the 
actual values measured at the unit (aggregate). The 
amplitude of elastic moment oscillations during 
simulation experiments can reach 0.882 N • m with a 
filled loop device. The frequency of these oscillations was 
0.33 ÷ 0.48 Hz, it is corresponds to the values recorded at 
the unit (aggregate). 
5. Discussion of the results
The complexity of the experiments and the limited 
possibilities of physical modeling conditioned performing 
the studies with the use of methods of mathematical and 
simulation modeling. 
The comparison of simulation results and real 
experiment confirms the compliance of the processes 
occurring in the model and in the strip at the qualitative 
level. 
In the existing looper only the motor current, linear 
velocity, and loop reserve in the device are available for 
measurement. 
The analysis of the current carried out in the existing 
system of visualization and diagnostics of the unit of 
aluminum zincing “Sofa” shows that changing the length, 
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mass and rigidity of the strip has almost no effect on the 
motor current. This is confirmed by the results of 
simulation and physical experiments and is explained by a 
small coefficient of inertia of the drive γ = 1.059 ÷ 1.163. 
In the simulation model oscillations in the strip are 
present in an explicit form, which is confirmed in the 
process of simulation experiments. 
There were performed about 20 model 
implementations for different sections of the strip, for an 
empty and filled looper. Figure 7 shows the graphs for the 
largest cross-section of a strip for a completely filled 
device. From the analysis of simulation experiments it 
was determined that the value of the average current error 
does not exceed 4 %, in terms of speed 3 %. 
There has been revealed the presence of significant 
elastic moment oscillations in a completely filled 
horizontal looper. In this case the amplitude of 
oscillations amounted to 0.6 ÷ 0.82 N∙m, and the 
frequency of oscillations was 0.33÷0.48 Hz. 
The correspondence of the values of current, speed, 
amplitude and frequency allows speaking about the 
quantitative correspondence of the model and the unit. 
Good convergence of the results of simulation 
experiments and measurements in the looper allows 
drawing the conclusion about the adequacy of the model. 
One of the rational methods of damping elastic 
oscillations is the synthesis of the structure and the choice 
of control system parameters, since it is relatively easy to 
implement, can be used for any electromechanical system 
and does not require additional material costs [29, 12]. 
The following main methods are considered for use in 
the synthesis of control systems [12, 29, 30, 22]: 
• correction of the gain of the speed controller in the
slave control system; 
• creating a slave control system with the adding of
feedback on the derivative of the speed of the actuator. 
• creation of a slave control system with the adding
of feedback on the second derivative of the speed of the 
actuator; 
• creation of a slave control system with the adding
of additional feedbacks on the difference of speeds 
between the engine and the actuator; 
• creation of a control system with a modal
controller; 
• creation of a control system using a band-stop filter
in the speed control loop; 
• using of parallel correction with indirect
measurement of the speed of the actuator and using 
flexible feedback connected to the input of the current 
regulator; 
• creation of a slave control system using additional
parallel correcting devices. 
As a result of the carried out studies it was established 
that the existing electric drive system made on the 
principle of subordinate regulation, does not provide 
damping of the strip oscillations. This can be confirmed 
by theoretical studies in this area [29, 31], since for the 
existing structure due to a small coefficient of inertia and 
insignificant impact of the strip dynamics on the 
parameters of the electric drive it is impossible to provide 
suppression of elastic oscillations. 
Based on the analysis of the performed experiments, 
the conclusion about elastic properties of the strip, which 
are practically do not appear with an empty horizontal 
loop device, is confirmed. The elastic properties of the 
strip appear with a large length, i.e. when the horizontal 
loop device is full. A great influence on the dynamic 
parameters is exerted by the mass of the strip. 
As can be seen from the results of simulation, 
oscillations in the mechanical part of the HLD practically 
do not affect the electric drive. This is explained by a 
large gear ratio and a low inertia coefficient. For damping 
oscillations of systems having such an inertia coefficient 
(1.059 ÷ 1.163) [32], the use of standard slave control 
systems is inefficient. Increasing the sensitivity of the 
system can be achieved by expanding the bandwidth of 
the electromechanical system. Bandwidth expansion is 
possible by adding feedbacks to the coordinates of the 
band. In this case, it becomes necessary to adapt the 
parameters of the control system to a changing coefficient 
of inertia. 
6. Conclusion
A mathematical model of the electromechanical system of 
a horizontal loop device has been developed taking into 
account the mechanical properties of the strip for two 
positions: for an empty and a filled device. 
With an empty horizontal loop device, elastic 
oscillations are practically absent. With a full horizontal 
loop device, elastic oscillations with a significant 
amplitude occur. 
Simulation experiments were carried out, as a result the 
conclusion that this control system does not provide 
damping of oscillations in the band due to the small 
coefficient of inertia was confirmed. 
Further work will be aimed on creating a new electric 
drive system that provides damping of elastic oscillations 
using electrical methods. 
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